It is now common to think of a seizure focus not necessarily as a discrete and self-contained center of epileptogenesis, but rather as part of a larger epileptic circuit associated with hyperexcitable brain activity (1, 2) . Even when a radiologically, well-demarcated lesion is present, we often accept that microstructural abnormalities may extend beyond the apparent anatomical boundaries seen on a brain MRI, especially when the lesion is developmental in nature. Similarly, it is uncontroversial to state that the nature of a seizure focus may not be static over time, and that there can be dynamic changes in brain structure or function that cause an epileptic process to evolve, particularly in the developing brain but even well into adulthood (3). While such changes in time and space are useful conceptual constructs in our field, their exact nature and extent presumably depend on the specific underlying etiological disorder and may even vary among individual patients with the same disorder, so detailed imaging and electrophysiological data are required to understand these factors comprehensively across the spectrum of epilepsies.
In this article, Peters et al. take us another step toward a better understanding of cortical tubers in the disorder of tuberous sclerosis complex (TSC), in particular with regard to their anatomical boundaries and changes in imaging characteristics over time. The authors studied 25 patients (mean age 5.9 years) who underwent two to six serial MRI scans each (average time between scans 1.2 years) and compared them with 73 healthy controls. Subjects underwent diffusion tensor imaging (DTI) on a 3T magnet using 35 directions and a voxel size of 1.72 × 1.72 × 2.2 mm. Tissue segmentation was performed using an automated model based on global and local signal intensity on the fluid-attenuated inversion recovery (FLAIR) image, and involved identification of tuber tissue itself, perituber white matter, and normal-appearing white matter. The authors then relied on mean diffusivity (MD) and fractional anisotropy (FA), two DTI-based measures, to compare these segmented tissue types.
Three highlights emerge from the findings reported in this paper: 1) perituber tissue displayed FA and MD values intermediate to tuber tissue and normal-appearing white matter, 2) there was a consistent evolution of FA (increasing) and MD (decreasing) over time in all tissue types, with a steeper change in early childhood (before 5-6 years of age), and 3) in a subset of six random examined cases, these DTI measures exhibited a gradual transition across the three tissue types, OBJECTIVE: To assess the extent and evolution of tissue abnormality of tubers, perituber tissue, and normal-appearing white matter (NAWM) in patients with tuberous sclerosis complex using serial diffusion tensor imaging. METHODS: We applied automatic segmentation based on a combined global-local intensity mixture model of 3T structural and 35 direction diffusion tensor MRIs (diffusion tensor imaging) to define 3 regions: tuber tissue, an equal volume perituber rim, and the remaining NAWM. For each patient, scan, lobe, and tissue type, we analyzed the averages of mean diffusivity (MD) and fractional anisotropy (FA) in a generalized additive mixed model. RESULTS: Twenty-five patients (mean age 5.9 years; range 0.5-24.5 years) underwent 2 to 6 scans each, totaling 70 scans. Average time between scans was 1.2 years (range 0.4-2.9). Patient scans were compared with those of 73 healthy controls. FA values were lowest, and MD values were highest in tubers, next in perituber tissue, then in NAWM. Longitudinal analysis showed a positive (FA) and negative (MD) correlation with age in tubers, perituber tissue, and NAWM. All 3 tissue types followed a biexponential developmental trajectory, similar to the white matter of controls. An additional qualitative analysis showed a gradual transition of diffusion values across the tissue type boundaries. CONCLUSIONS: Similar to NAWM, tuber and perituber tissues in tuberous sclerosis complex undergo microstructural evolution with age. The extent of diffusion abnormality decreases with distance to the tuber, in line with known extension of histologic, immunohistochemical, and molecular abnormalities beyond tuber pathology.
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rather than abrupt changes across boundaries. Also, in a single TSC case with postmortem tissue available (not from the imaging cohort), histopathological evidence of dysplasia extended beyond the tuber itself.
These results contribute to our growing understanding of the nature of tubers and perituber tissue in patients with TSC and epilepsy. The notion that developmentally abnormal brain can exist beyond the radiologically observable boundaries of a cortical malformation is certainly no surprise to an epileptologist in this day and age, so the findings of a more gradual transition in FA and MD values across different tissue types is more confirmatory than revelatory. Indeed, there are multiple reports in the literature, including from some of these authors (4), of diffusion abnormalities within normal-appearing white matter in TSC.
In practice at epilepsy surgery centers, most clinicians probably already incorporate the possibility (or even likelihood) that dysplasia exists in normal-appearing tissue beyond the "edge" of a visible lesion into their mental calculations when planning a resection or a protocol for intracranial electrode placement, and prior intracranial EEG studies in TSC have shown that ictal onset can arise from perituber tissue, although usually in association with onset in the tubers themselves (5) . The authors' description of tubers as just the "tip of the iceberg" is therefore already a well-accepted notion, and their data help to buttress this idea further.
The findings of dynamic FA and MD changes over time, through childhood and young adulthood, and the shape of the curves that characterize these changes are a novel result and potentially of high importance. Yet, these observations raise more questions than they answer, as the underlying implications of these trajectories remain uncertain. Normalappearing white matter in TSC patients, as well as the white matter of healthy control subjects, both seem to follow highly similar slopes in these DTI measures (though at different intercepts compared with tuber and perituber tissue types), so it is unclear whether these changes necessarily imply a pathological process. The authors speculate that because the DTI maturational changes occur most quickly within the first few years, which is also when autism and epilepsy appear clinically, interventions (e.g., with inhibitors of the mechanistic target of rapamycin [mTOR] pathway implicated in TSC pathogenesis) might have their greatest effect in this early period, but this is a leap given that the same biexponential trajectory occurs in the brains of healthy individuals. While there is some evidence that treatment with the mTOR inhibitor everolimus may affect diffusion abnormalities in TSC white matter (6) , in that study the white matter in untreated TSC patients did not change over time, so it is not possible to reconcile those findings neatly with those of the current article. What would benefit the field now is an improved understanding of the underlying microstructural and functional correlates of these FA and MD changes in TSC during early childhood.
Just recently, physicists announced that they had detected gravitational waves from black holes merging a billion lightyears away, fulfilling the final prediction of Einstein's general theory of relativity, which one century earlier had revolutionized our understanding of space and time. This news reminds us that fixed notions in biology and the natural world often have to give way to more nuanced, relativistic perspectives. From an entirely different field and of an entirely different scope, the accumulating data on cortical tubers and other epileptogenic brain lesions will likely continue to demonstrate the indistinct spatial boundaries and dynamic temporal evolution of seizure foci that were previously thought of as static and discrete.
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